Pediatric-onset multiple sclerosis (MS) comprises approximately 3%--5% of cases of MS in North America.[@b1-ahmt-1-061]--[@b4-ahmt-1-061] Recent years have seen significant advances in the diagnosis and treatment of this condition, including the introduction of proposed diagnostic criteria for pediatric demyelinating disorders, and a growing body of knowledge regarding treatment options. This article will review current approaches to the diagnosis and management of pediatric MS.

Diagnosis: clinical and magnetic resonance imaging criteria
===========================================================

Growing evidence in adult MS research suggests benefit to early treatment using disease-modifying therapies (DMTs). As such, making a timely diagnosis of MS is essential. In pediatric MS, this is particularly in immediate need because recent research points to more aggressive disease in this group, with more frequent relapses[@b5-ahmt-1-061] and higher T2 lesion load on brain magnetic resonance imaging (MRI), both early and later in the disease.[@b6-ahmt-1-061],[@b7-ahmt-1-061] Importantly, however, not all first-time demyelinating episodes in children will become multiple sclerotic. Indeed, although 45% of all children with a first-time demyelinating episode will later receive a diagnosis of MS,[@b8-ahmt-1-061] only one-fifth of children with a first-time episode of acute disseminated encephalomyelitis (ADEM) will eventually be diagnosed with MS.[@b9-ahmt-1-061]

Recently, formulated diagnostic criteria for pediatric MS may help to improve diagnostic accuracy for the clinician. According to definitions of the International Pediatric MS Study Group (IPMSSG) published in 2007,[@b10-ahmt-1-061] pediatric MS may be diagnosed after two clinical episodes of central nervous system (CNS) demyelination that are separated by at least 30 days. No lower age limit is specified ([Table 1](#t1-ahmt-1-061){ref-type="table"}).

According to these definitions, the Barkhof adult brain MRI criteria can be used to meet the requirement for dissemination in space by demonstrating three of the following four features: (1) nine or more white matter lesions or one gadolinium enhancing lesion, (2) three or more periventricular lesions, (3) one juxtacortical lesion, and (4) an infratentorial lesion. The combination of an abnormal CSF and two lesions on MRI, of which one must be in the brain, can also meet the dissemination in space criteria. The CSF must show either at least two oligoclonal bands (OCB) or an elevated IgG index. The MRI may also be used to satisfy criteria for dissemination in time following the initial clinical event, even in the absence of a new clinical demyelinating event; new T2-bright or gadolinium-enhancing foci must develop 3 or more months following the initial clinical event.

These definitions are currently under review. The adult MRI criteria mentioned above have been found to have low sensitivity and specificity in pediatric MS.[@b11-ahmt-1-061] In response to this, several groups have proposed MRI diagnostic criteria for pediatric MS. According to one set of criteria, more than two of the following criteria must be satisfied: ≥5 T2 lesions, two periventricular lesions, or one brainstem lesion. The same group has proposed the following criteria for differentiating ADEM from MS, including two or more of the following: absence of diffuse bilateral lesion pattern, black holes, or greater than two periventricular lesions.[@b12-ahmt-1-061],[@b13-ahmt-1-061] The ADEM criteria have been found to be highly sensitive (99%) and relatively specific (75%) in differentiating MS from ADEM when evaluated using an outside cohort of children with known MS ([Table 2](#t2-ahmt-1-061){ref-type="table"}).[@b14-ahmt-1-061]

Pathophysiology
---------------

Pathologic investigations have suggested that MS lesions in the adult population are heterogeneous; although some lesions may show T-cell mediated and antibody-mediated loss, other lesions may show oligodendrocyte dystrophy suggestive of viral-mediated or toxin-mediated demyelination.[@b15-ahmt-1-061] Evaluation of childhood MS is complicated by presentation with confluent lesions on MRI, particularly in younger children who may initially be diagnosed with ADEM.[@b16-ahmt-1-061] Thus, distinguishing a first attack of MS from the monophasic condition, ADEM is often challenging. Recent work on children and adults with MS and ADEM suggests pathologic overlap between the two: perivenous inflammation was found to be a hallmark of ADEM but was also seen in a small subset of patients with MS.[@b17-ahmt-1-061]

MS is believed to be the result of early triggering events to CNS self-antigens in genetically predisposed individuals.[@b18-ahmt-1-061] Antimyelin antibodies have been investigated in the adult MS population as a marker for MS.[@b19-ahmt-1-061] Recent work suggests that myelin basic protein antibodies in the serum and CSF of children may modulate the clinical presentation of MS in children and are associated with an ADEM-like presentation, suggesting a role for humoral immunity in this group.[@b20-ahmt-1-061] Further evidence for the involvement of innate immunity in this population can be seen in recent work showing increased number of white blood cells and neutrophils in the CSF of younger children with MS compared with older children.[@b21-ahmt-1-061]

Taken together, these studies suggest the possible importance of B cell-mediated processes in childhood MS, particularly in the younger subset of patients with an ADEM-like presentation.

Therapies
=========

Treatment of exacerbations
--------------------------

### Steroids

Randomized, controlled trials of therapy for acute MS exacerbations in children have not been conducted. Clinical practice in the pediatric population is therefore based largely on adult practices. Importantly, not all children experiencing episodes of acute demyelination receive treatment for the exacerbations. If symptoms are mild and do not cause impairment, the decision to provide only supportive care may be made by some practitioners. However, it is clear that there is a need for knowledge regarding treatment for exacerbations in this population, as the annualized relapse rate in children with MS has been found to be almost three-fold higher (1.13 vs 0.40) than in adults.[@b5-ahmt-1-061]

Evidence in adult MS suggests the use of pulse steroids can lead to improved recovery from disability after an acute attack and possibly, a decreased risk for the development of MS in the first 2 years after an episode of optic neuritis.[@b22-ahmt-1-061],[@b23-ahmt-1-061] The relative superiority of intravenous (IV) steroids over oral steroids for acute MS attacks has undergone much debate.[@b24-ahmt-1-061] Some analyses suggest the two may be equivalent, although heterogeneity between outcome measures and patient populations limit these conclusions.[@b25-ahmt-1-061] In adults with MS, a standard dosing recommendation of methylprednisolone 1 g IV daily for 3--5 days is usually employed. In the pediatric population, a survey of US practitioners suggests that many adhere to the treatment regimen of IV methylprednisolone 20--30 mg/kg/d (up to 1 gm) for 3--5 days for acute MS exacerbations.[@b26-ahmt-1-061] The literature in adult MS does not support the need of a steroid taper after completion of pulse steroid therapy, but no evidence is available for the pediatric population.

### Intravenous immunoglobulin

Monthly intravenous immunoglobulin (IVIG) therapy to prevent MS relapses in adults has been evaluated in several trials.[@b27-ahmt-1-061]--[@b31-ahmt-1-061] Favorable results in preventing progression in primary progressive MS and secondary progressive MS (SPMS) have been found,[@b32-ahmt-1-061] but its use in acute MS relapses has only been evaluated in two trials (as an adjunct to intravenous methylprednisolone), where superiority was not demonstrated.[@b33-ahmt-1-061],[@b34-ahmt-1-061] However, it may be of benefit in the treatment of corticosteroid refractory acute optic neuritis in adults.[@b35-ahmt-1-061] In the pediatric MS population, individual case reports of treatment with IVIG in refractory cases of acute demyelination in children have been published, suggesting possible improvement, although these cases are limited to children with optic neuritis and ADEM.[@b36-ahmt-1-061]--[@b38-ahmt-1-061]

### Plasmapheresis

Plasma exchange is another therapy that may be considered in MS relapses that are corticosteroid refractory. Successful use of plasma exchange for severe episodes of acute demyelination has been described in the adult population.[@b39-ahmt-1-061],[@b40-ahmt-1-061] One case report and one series have described a decrease in relapses and clinical improvement in three of four children with pediatric MS, who had severe relapses.[@b41-ahmt-1-061],[@b42-ahmt-1-061]

Prevention of relapses: DMTs
============================

Pediatric-onset MS has been associated with significant cognitive impairment[@b43-ahmt-1-061] and lesion burden on MRI.[@b7-ahmt-1-061] Thus, medical intervention focused on preventing relapses may reduce the neuropsychological burden of MS on this population. Early intervention with DMT in pediatric MS has been demonstrated to result in a decreased likelihood of presentation with a third clinical relapse.[@b44-ahmt-1-061]

Six DMTs have been approved for the treatment of relapsing--remitting MS (RRMS) in the adult population, including four first-line (glatiramer acetate \[GA\], intramuscular \[IM\] and subcutaneous \[SC\] interferon β-1a, and SC interferon β-1b), and two second-line therapies (mitoxantrone and natalizumab). In addition, therapies such as rituximab, daclizumab, and cyclophosphamide have been evaluated in phase II trials in adults with breakthrough disease, as have add-on therapies such as monthly steroids and IVIG.[@b45-ahmt-1-061]--[@b50-ahmt-1-061] Oral therapies, including cladribine and fingolimod, have also been evaluated in the adult population.[@b51-ahmt-1-061]--[@b53-ahmt-1-061] This section will review the currently available evidence for the use of these agents in children.

Interferon β
------------

Interferon β is thought to act in MS via inhibition of proinflammatory cytokines, induction of anti-inflammatory mediators, reduction of cellular migration, and inhibition of autoreactive T cells.[@b54-ahmt-1-061],[@b55-ahmt-1-061] Large phase III studies showed that chronic administration of recombinant interferon β reduced the number of relapses and slowed the progression of physical disability in adult patients with RRMS. These placebo-controlled studies showed an approximately 30% reduction in exacerbation (relapse) rate in patients treated for 2--4 years compared with interferon β compared with placebo.[@b56-ahmt-1-061]

Several retrospective case series have described the use of interferon β-1a in the pediatric population. Follow-up in these series has ranged from 12 to 48 months. Although the majority of reports described are of children older than 10 years, Tenembaum et al[@b57-ahmt-1-061] included eight children younger than 10 years at first injection in their series. Apart from four patients with SPMS reported in Tenembaum et al's article, all patients had RRMS.

Interferon β-1a and interferon β-1b appear to be safe and well tolerated in this population, although discontinuation rates are in the range 30%--50%.[@b58-ahmt-1-061]--[@b63-ahmt-1-061] Many children on interferon (35%--65%) report flu-like symptoms. Other relatively frequently observed side effects include leukopenia (8%--27%), thrombopenia (16%), anemia (12%), and transient elevation in transaminases (10%--62%).[@b57-ahmt-1-061]--[@b59-ahmt-1-061],[@b61-ahmt-1-061]

Abnormalities in liver function tests (LFTs) may be more pronounced in younger children taking interferon. In one study, 25% of children (average age of initiation of medication, 14.6 years; range, 8.1--17.9 years) taking interferon β-1a SC were found to have elevated LFTs. None of these children required discontinuation of therapy. Over two-thirds of these elevations occurred in the first 6 months of therapy.[@b61-ahmt-1-061] However, in another study evaluating interferon β-1b SC, 8 of 43 patients experienced elevation of LFTs (\>2 times the upper limit or normal). Importantly, the children with elevated LFTs were predominantly younger than 10 years. Five of eight (62.5%) children aged younger than 10 years in this study experienced LFT elevations. Two of these children were on full adult doses (8 MIU), two were on 50% of the adult dose (4 MIU), and one on one-fourth of the adult dose (2 MIU). By contrast, only 10% (3/30) of children in this study (older than 10 years of age) suffered from elevated LFTs in the first 6 months of treatment with interferon β-1b SC.[@b59-ahmt-1-061],[@b61-ahmt-1-061] Temporary interruption of interferon treatment appears to lead to normalization of LFTs in children and is accompanied by safe reintroduction of therapy after a temporary withdrawal of medication.[@b59-ahmt-1-061],[@b61-ahmt-1-061]

Given these results, we recommend close LFT monitoring on all children on interferons, particularly in the first 6 months of treatment. Following the practices outlined above, should the LFTs increase to greater than two-fold higher than the upper limit of normal, we suggest that the medication be withheld, the LFTs rechecked within a month, and the medication be reintroduced, initially at a lower dose, after normalization of the LFTs.

Over two-third of children taking the SC formulation of interferon β-1a have reported injection site reactions. The injection site reactions occur throughout the treatment course in equal proportions. Pohl et al[@b61-ahmt-1-061] reported that after a mean follow-up of 1.8 years, children were equally likely to report injection site reactions early on (0--6 months) and later.[@b61-ahmt-1-061] Six percent of children on interferon β-1a SC experienced abscess and 6% injection site necrosis over an average follow-up of 1.8 years.[@b61-ahmt-1-061] Of those on interferon β-1b, only 20% older than 10 years of age and 25% younger than 10 years of age experienced mild injection site reactions (average follow-up of 33.8 months), which did not lead to discontinuation of therapy.[@b59-ahmt-1-061]

Dosing of interferon β is not established in this population. However, most patients tolerate doses titrated following adult protocols, or gradual titration to 30 μg once weekly for interferon β-1a IM and 22 μg or 44 μg TIW for interferon β-1a SC. Children older than the age of 10 tolerate full doses of interferon β-1b, though decreased tolerance may exist in the younger population. In one study, two of eight children who initiated interferon β- 1b at 25%--50% of adult doses did not tolerate escalation to full adult doses. Both were aged younger than 10 years.[@b59-ahmt-1-061]

With respect to efficacy, there have been no randomized controlled trails (RCTs) evaluating efficacy of interferon β in the pediatric population. However, in a prospective, open-label study, Ghezzi et al[@b64-ahmt-1-061] followed 52 patients with pediatric-onset MS, who were treated with interferon β-1a IM, and found a reduction in annualized relapse rate from 1.9 pretreatment to 0.4 after an average of 42 months on therapy. Similarly, Mikaeloff et al[@b44-ahmt-1-061] reporting on 197 children with RRMS on interferon followed for a mean of 5.5 years, found a reduction in risk of MS attack in both the first year of treatment with interferon (hazard ratio = 0.31; 95% confidence interval \[CI\]: 0.13--0.72), as well as over the first 2 years of treatment (hazard ratio = 0.40; 95% CI: 0.20--0.83). After 4 years of follow-up, the annualized relapse rate remained lower, but the 95% CI was broader due to the smaller sample size, as not all patients had such a long follow-up (hazard ratio = 0.57; 95% CI: 0.30--1.10).[@b44-ahmt-1-061] Because 25%--30% of patients in the adult population will have a benign outcome,[@b65-ahmt-1-061],[@b66-ahmt-1-061] defined by most as Expanded Disability Status Scale (EDSS) \<3.0 for greater than 10 years' duration, it is important to keep these natural history studies in mind when considering the effects of any treatment in children without placebo-controlled groups.[@b67-ahmt-1-061] No data are available on whether interferon β slows down the progression of disability in children. Furthermore, no data on the effect of these medications on MRI are available for the pediatric population.

Neutralizing antibodies
-----------------------

It has been noted widely in the adult literature that neutralizing antibodies to interferon may appear after a patient has been treated with interferon. In the adult population, these antibodies are more likely to be seen in interferon preparations that are given SC multiple times a week.[@b68-ahmt-1-061] The relationship between titers of neutralizing antibodies and efficacy has not been established in the adult population, although studies have shown a relationship between sustained high titers of these antibodies and ancillary measures of disease activity in adult MS.[@b69-ahmt-1-061] Knowledge regarding the impact of interferon-neutralizing antibodies on the efficacy of medication in the pediatric population, however, is even more limited. No studies have comprehensively evaluated the frequency and significance of neutralizing antibodies in the pediatric population.

Glatiramer acetate
------------------

GA is the acetate salt of a mixture of synthetic polypeptides composed of L-alanine, L-glutamic acid, L-lysine, and L-tyrosine. The drug is designed to mimic human myelin basic protein and is postulated to induce myelin-specific response of suppressor T lymphocytes and to inhibit specific effector T lymphocytes.[@b70-ahmt-1-061] The treatment consists of daily SC injection of 20 mg GA. In a pivotal phase III trial of adult RRMS patients, GA showed a 29% reduction in the number of relapses in the treated group vs placebo.[@b71-ahmt-1-061] Reduction in MRI activity has been shown in a randomized, controlled trial of adults treated with GA vs placebo.[@b72-ahmt-1-061] Recent studies in adults have suggested that GA and interferon β have similar efficacy on clinical and MRI activity.[@b73-ahmt-1-061]

Only three retrospective studies have been published evaluating the use of GA in pediatrics.[@b74-ahmt-1-061]--[@b76-ahmt-1-061] Kornek et al[@b76-ahmt-1-061] followed seven patients with pediatric-onset RRMS for 24 months and reported that the medication was well tolerated. Children were aged 9--16 years at the time of GA initiation. Only two of seven patients were relapse-free over the 24-month treatment period, and EDSS was stable in only three of seven children. In two separate papers, Ghezzi et al described 9 and 11 patients on GA. GA was found to be relatively well tolerated, with 3 of 11 patients experiencing side effects (injection site reactions in one and chest pain in another patient).[@b74-ahmt-1-061] The mean annualized relapse rate decreased from 2.8 to 0.25.[@b75-ahmt-1-061] Conclusions from these studies regarding the efficacy of this medication cannot be drawn, however, given the small numbers.

Treatment failure: second-line therapies
========================================

Treatment failure is a concern in the pediatric MS population. Of 258 children with MS, who were followed by a network of six US Pediatric MS Centers of Excellence, 123 (48%) were switched from their first therapy. Noncompliance and intolerable side effects represented a significant proportion of these cases: 16% (42) changed therapies due to noncompliance or side effects, whereas 28% (72) changed due to breakthrough disease; 4% (9) discontinued therapy after the first agent.[@b77-ahmt-1-061]

The definition of treatment failure is challenging; it is the one that has undergone significant debate among practitioners treating adult-onset MS. Given available data regarding the frequency of relapse in MS in the adult population, it is generally accepted that at least 6 months of observation on a given treatment is necessary prior to deeming that treatment to be suboptimal. Intervening factors include the possibility of drug--drug interaction and unacceptable side effects. At present, our practice is to follow these guidelines and observe all patients for 6 months after initiation of therapy before deciding to change therapies.

Consensus criteria for breakthrough disease in pediatric MS do not exist. Some have proposed criteria including increase in relapse number, new or recurrent MRI lesions, and worsening of cognitive or motor disability.[@b78-ahmt-1-061] Limitations of this particular approach include the lack of adequate observational time to gauge whether an individual's relapse rate has decreased. Some advocate clinical evaluation every 3--6 months and an annual MRI in the adult population in order to monitor the response to therapy. Given the more frequent relapses seen in the pediatric population,[@b5-ahmt-1-061] our practice is to perform MRI scans of the brain on a semiannual basis with clinical visits every 3 months for the first year after diagnosis. Population studies in adults have shown that disease course during the first 5 years of disease is an excellent predictor of future deficits. Therefore, more frequent follow-up in the early course of the disease is warranted.

There is no accepted algorithm for the management of partial responsiveness. However the following steps may be followed:

1.  Increase the frequency of interferon β therapy (ie, switching from once a week to three times a week or every other day injections). Although some data support a short-term advantage of more frequent dosing on relapses, the magnitude of the advantage is small.[@b79-ahmt-1-061],[@b80-ahmt-1-061] This small potential advantage must be weighed against the disadvantages associated with frequent SC doses vs IM once a week dose regimens, as more frequent dosing has been associated with high NABs and decreased efficacy according to MRI and clinical parameters.[@b81-ahmt-1-061],[@b82-ahmt-1-061]

2.  Switch from one monotherapy to another. For example, adult patients with sustained positive NAB titers ≥20 may be switched from interferon β to GA. Switching from GA to interferon β is also an option, particularly given the rapid and robust effect of interferon β on inflammatory activity as measured by MRI (21).

3.  Add agents to the "platform" interferon β or GA therapy, including other immunomodulatory or cytotoxic agents. These agents have not been studied in MS using RCTs. Therefore, their benefit is unclear.

The immunomodulatory and cytotoxic agents, such as natalizamab, cyclophosphamide, mitoxantrone, and rituximab, that have been used in treatment-resistant cases (ie, in pediatric MS) are discussed in the following section.

Natalizumab
-----------

Natalizumab a recombinant, humanized monoclonal antibody binds the α~4~ subunit of α~4~β~1~ (very late antigen-4 \[VLA-4\]) and α~4~β~7~ integrins (adhesion molecules), hindering the interaction between VLA-4 and its counter-receptor, vascular endothelial adhesion molecule-1. Disruption of these molecular interactions antagonizes the leukocyte-endothelium adhesion processes necessary for efficient migration of leukocytes across the blood-brain barrier endothelium, reducing the recruitment of immune cells into sites of inflammation within the CNS.[@b83-ahmt-1-061]

The efficacy of natalizumab for treating relapsing MS in adults has been tested initially in a phase II and a small combination (interferon β and natalizumab) study.[@b84-ahmt-1-061],[@b85-ahmt-1-061] Two pivotal, randomized placebo-controlled, phase III clinical trials suggest that natalizumab is an effective therapy for RRMS.[@b86-ahmt-1-061],[@b87-ahmt-1-061] In the AFFIRM trial,[@b87-ahmt-1-061] natalizumab treatment (300 mg, IV infusion, once every 4 weeks) was compared with placebo. In the SENTINEL trial, the combination of natalizumab and interferon β-1a (natalizumab: 300 mg, IV infusion, once every 4 weeks; interferon β-1a: 30 μg, IM injection, once weekly) was compared with placebo plus interferon β-1a.[@b86-ahmt-1-061] Both trials demonstrated the efficacy of natalizumab treatment in reducing relapse rate, disease progression, and occurrence of new MRI lesions in MS. Natalizumab was well tolerated. The adverse events that were significantly more common in the natalizumab group compared with placebo were fatigue and allergic reactions. Importantly, cases of progressive, multifocal leukoencephalopathy, a rare, usually fatal CNS infection caused by the JC polyomavirus, occurred in association with natalizumab therapy in combination with interferon, prompting its withdrawal.[@b88-ahmt-1-061]--[@b90-ahmt-1-061] After extensive review, the US Food and Drug Administration approved the reintroduction of natalizumab for treating MS. Natalizumab belongs to a promising novel class of therapeutic agents for the treatment of relapsing MS. However because it is associated with a risk for PML, an individualized risk--benefit assessment is necessary prior to initiation of therapy. A high level of clinical vigilance should be maintained during the therapy. Its use currently requires patient and prescriber registration and compliance, following specific guidelines using a risk map (TOUCH program).

There have been two published papers describing the use of natalizamab in the pediatric population; one is a case report of a 12-year-old child with treatment-resistant disease, who responded well to this therapy.[@b91-ahmt-1-061] A German group reported on three patients who were selected for this therapy because they suffered either from poorly controlled disease or from adverse effects from first-line therapies. The medication was tolerated well by these children. Follow-up MRI scans, performed every 6 months, showed no enhancing lesions in these patients.[@b92-ahmt-1-061]

Of 258 patients with pediatric MS followed at the US Pediatric MS Centers of Excellence, 26 were treated with natalizumab for breakthrough disease.[@b93-ahmt-1-061] The medication appears to be well tolerated and further, appears to have resulted in improved disease control. Of children started on natalizumab, only three changed therapies subsequently: one experienced a hypersensitivity reaction, one discontinued due to breakthrough disease one month after initiation, and one discontinued the medication due to side effects (gastrointestinal upset). There have been no reports to date of PML in association with this young population.

Mitoxantrone
------------

Mitoxantrone (MITO) is an anthracendione cytotoxic agent with immunosuppressive properties. Safety and efficacy studies have been performed.[@b94-ahmt-1-061],[@b95-ahmt-1-061] Based on the results of a phase III study of 194 patients randomized to two treatment groups (MITO 12 vs 5 mg/m^2^) and one placebo group, MITO was approved in the US and Europe for the treatment of worsening RRMS and SPMS in adults.[@b96-ahmt-1-061] MITO is structurally related to anthracycline agents with well-established cardiotoxicity. Long-term clinical use of MITO requires caution; the lifetime cumulative dosage should not exceed 140 mg/m.[@b2-ahmt-1-061] Left ventricular ejection fraction evaluation (MUGA or ECHO) should be performed before each MITO infusion and monitoring of blood counts should be performed regularly because of an increased risk for treatment-related acute leukemia. Importantly, recent data point to a higher than previously reported dose-dependent risk (greater in patients receiving \>60 mg/m^2^) for acute leukemia in patients who have received mitoxantrone.[@b97-ahmt-1-061],[@b98-ahmt-1-061]

There have been no published reports of mitoxantrone use in the pediatric population. Twelve of 258 patients followed at the US Pediatric MS Centers of Excellence received mitoxantrone.[@b77-ahmt-1-061] No major side effects have been noted. However, we suggest caution with its use, given the potential for major side effects with this drug.

Rituximab
---------

B cells, immunoglobulins and complement are increasingly being implicated in the pathogenesis of MS.[@b15-ahmt-1-061] Rituximab is a B cell-depleting chimeric monoclonal antibody against the protein CD20. It was originally used in chemotherapeutic regimens for the treatment of non-Hodgkin's lymphoma. It has been used with success in multiple autoimmune diseases, such as rheumatoid arthritis, idiopathic thrombocytopenic purpura (ITP), systemic lupus erythematosus, and Sjögren's among others.

A phase-II, double-blind, placebo-controlled trial evaluating response in adult-onset RRMS to two infusions of rituximab, given on days 1 and 15, suggested a decrease in inflammatory brain lesions and clinical relapses over a 48-week period. At 24 weeks, 14.5% of patients in the rituximab group had relapses compared with 40% in the placebo group. At week 48, the number of patients was 20% vs 40%. Side effects were common; 98% of patients on rituximab vs 35% on placebo reported side effects. The number of patients experiencing serious adverse events was similar in the placebo (14.3%) and rituximab (13.0%) groups. It is therefore a promising therapy for patients with active RRMS.[@b45-ahmt-1-061],[@b46-ahmt-1-061]

PML has been reported in association with rituximab. The FDA recently issued a warning after two patients with SLE developed PML while on therapy with rituximab. However, no cases to date have been reported in association with its use in MS.

In the pediatric MS population, only one case report of rituximab has been published; a dramatic decrease in relapse number was reported in an adolescent with severe RRMS. The effect lasted for 2 years from the time of initiation of therapy.[@b99-ahmt-1-061]

Cyclophosphamide
----------------

Cyclophosphamide (CTX), an alkylating agent with potent cytotoxic and immunosuppressive effects, has been studied in controlled, unblinded trials using high-doses IV as an induction therapy or in repeated cycles; these regimens have shown benefit in patients with SPMS in some, but not all studies.[@b94-ahmt-1-061],[@b95-ahmt-1-061] CTX has multiple side effects including leukopenia, myocarditis, hemorrhagic cystitis, and alopecia. Therefore, some consider CTX to be a treatment for adult RRMS patients with active disease, who have failed less toxic therapies or have a rapidly progressive course.

One case series describing a cohort of children with highly inflammatory and aggressive RRMS, in whom CTX was initiated, has been published.[@b100-ahmt-1-061] All children experienced multiple relapses in the year prior to initiation of CTX despite being treated with a first-line therapy (average annualized relapse rate of 3.8). Further, physical disability in this cohort was marked. Almost one-fourth of the cohort had an EDSS of 6.0 or higher. Half of the children who received CTX in this study later required combination therapy or treatment with another second-line agent. Only one-third of the children were able to go back to a first-line therapy. With regards to tolerability, almost all children receiving CTX experienced side effects, some of which were serious, including ITP, infertility, osteoporosis, and transitional cell carcinoma. This therapy should therefore be used with caution in this population.

Future therapies: oral agents
=============================

Phase III clinical trials have been published on two oral agents in adult MS, fingolimod, and cladribine.[@b52-ahmt-1-061],[@b53-ahmt-1-061],[@b101-ahmt-1-061] Both of these agents target lymphocytes through different mechanisms of action.

Fingolimod is a sphingosine 1-phosphate receptor modulator. It prevents the egress of lympohcytes from lymph nodes. Two pivotal phase III, randomized controlled trials, one a placebo-controlled trial and the other a comparison of fingolimod to interferon β-1a, showed efficacy of oral fingolimod over placebo at doses of 0.5 or 1.25 mg daily. The placebo-controlled trial showed a significant reduction in annualized relapse rate (0.18 \[0.5 mg\], 0.16 \[1.25 mg\], 0.4 \[placebo\], *P* \< 0.001), risk of disability progression, and MRI measures of atrophy and lesion count in patients on fingolimod.[@b53-ahmt-1-061]

In the trial comparing fingolimod with interferon β-1a IM, patients on fingolimod had a significantly lower annualized relapse rate than those on interferon (0.2 \[1.25 mg\], 0.16 \[0.5 mg\] vs 0.33 \[interferon\], *P* \< 0.001). Adverse events in both trials included elevated LFTs, macular edema, skin cancer, herpes virus infections (including two fatal infections at the 1.25 mg dose), hypertension, and cardiac arrhythmias (bradycardia, atrioventricular conduction block).[@b51-ahmt-1-061],[@b53-ahmt-1-061]

Cladribine is an immunomodulatory agent that targets lympohcyte subsets. Two dosing regimens were evaluated in a pivotal phase III trial: 3.5 and 5.25 mg per kilogram body weight. In this large, randomized, placebo-controlled, double-blind trial, in comparison to patients on placebo, patients on cladribine were found to have a significant reduction in annualized relapse rate (0.14 \[3.5 mg/kg\], 0.15 \[5.25 mg/kg\], 0.33 \[placebo\], *P* \< 0.001) and MRI lesion count. Patients on cladribine were also found to have higher relapse-free rate than those on placebo (79.7% \[3.5 mg/kg\], 78.9% \[5.25 mg\], 60.9% \[placebo\], *P* \< 0.001). The most significant complications were those of lymphocytopenia and herpes zoster.[@b52-ahmt-1-061]

No studies of the use of these agents in the pediatric population have been published. However, given the serious adverse events reported in association with these agents in the adult population, including cancer and lethal herpetic infections, caution should be taken before adopting these therapies for the pediatric population.

Conclusion
==========

A growing body of literature has helped to provide better guidelines for the diagnosis and treatment of pediatric MS. Pediatric and adolescent MS have been shown to carry a greater disease burden than adult MS, both in terms of annualized relapse rate and MRI parameters. First-line therapies currently used in the adult population appear to be safe in children with MS. Breakthrough disease requiring a change in therapy is relatively common in this population. Current second-line therapies used in the adult population have been used in a small number of children with MS and appear to be tolerated. Oral agents have not been evaluated in children with MS. Future studies concentrating on the early diagnosis of MS are needed as are those evaluating the role of therapies approved for use in the adult MS population in children with MS.
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###### 

Diagnostic criteria for pediatric MS

  Pediatric MS diagnostic criteria
  ------------------------------------------------------------------------------------------
  • Dissemination in space and time
   • 2 episodes of demyelination
   • Separated by 30 d
   • No lower age limit
  • Dissemination in space
   • MRI: Barkhof criteria (see [Table 2](#t2-ahmt-1-061){ref-type="table"})
   • CSF + 2 MRI lesions
    • ≥2 oligoclonal bands OR
    • Elevated IgG index
  • Dissemination in time
   • MRI: new T2 lesions or gadolinium enhancing lesions \>3 mo after initial presentation

**Abbreviations:** MS, multiple sclerosis; MRI, magnetic resonance imaging; CSF, cerebrospinal fluid; IgG, immunoglobulin G.

###### 

Barkhof (adult MS) and 2 other recently proposed sets of diagnostic criteria for pediatric MS

  MRI criteria for pediatric MS                                                                      
  -------------------------------------------------------------- ----------------------------------- ------------------------------------------------------------
  Barkhof criteria                                               MS vs other                         MS vs ADEM
  • ≥9 white matter lesions or one gadolinium enhancing lesion   nondemyelinating diseases: \>2 of   • Absence of diffuse bilateral lesion pattern, black holes
  • ≥5 T2 lesions                                                                                    
  • ≥3 periventricular lesions                                   • 2 periventricular lesions         • Greater than 2 periventricular lesions
  • One juxtacortical lesion                                     • 1 brainstem lesion                
  • One infratentorial lesion                                                                        

**Note:** The new criteria have been found to be sensitive and specific in the diagnosis of pediatric MS.[@b12-ahmt-1-061],[@b13-ahmt-1-061]

**Abbreviations:** MS, multiple sclerosis; MRI, magnetic resonance imaging; ADEM, acute disseminated encephalomyelitis.
